Ubiquitin and ubiquitin-like proteins (Ubls) are involved in a variety of cellular functions, and dysfunction of these proteins often leads to disease, thus requiring the precise molecular recognition of the partner. Here, we report a structural basis for the recognition of Ufm1 by the Ufm1-specific protease (UfSP), both from Caenorhabditis elegans. Ufm1 functions in endoplasmic reticulum homeostasis, cell cycle regulation, and dysfunctions of this protein can result in breast cancer and neurological disorders. The structure reveals that in addition to the extended b-structure at the C-terminus of cUfm1, the interactions made by the completely conserved residues in Ufm1 orthologs, Pro88-Val92, corresponding to P6-P2 positions from the cleavage site, seem to be important for the specific recognition of Ufm1 by cUfSP.
Cellular proteins are often modified following their translation, and these post-translational modifications (PTMs) provide further control of protein activity, localization, and/or stability [1] . In particular, the attachment of ubiquitin (Ub) to a substrate protein, called ubiquitination or ubiquitylation, has been of special interest since it governs a wide array of cellular processes such as cell division, DNA repair, endocytosis, cellular signaling, and protein quality control [2] . Ubiquitination is achieved through an amide bond that links the C-terminal carboxyl group of Ub with a lysine side chain of the protein substrate [3] . Unlike other PTMs, ubiquitination is carried out in three consecutive steps: activation, conjugation, and ligation performed by ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases (E3s), respectively. Since Ub itself has seven lysine residues, this process can become very complex. In addition, ubiquitination can be reversed by proteases called deubiquitinating enzymes [4] .
Following the discovery of ubiquitin, other proteins with the similar properties, i.e., those which share a common structure with Ub and use a set of conjugating enzymes, have been identified and are known as ubiquitin-like proteins (Ubls) [5, 6] . All these proteins are produced in a precursor form, and prior to conjugation, the proteins are activated by a specific protease, exposing a Gly at the C-terminus. As with Ub, the C-terminal carboxyl groups are attached to lysine, and the modifier can be deconjugated by a specific protease [7, 8] . In humans, there have been more than ten Ubls identified thus far [9] , with Ufm1 being one of the most recently identified. Ufm1 has b-grasp fold like Ub [10] , requires Uba5, Ufc1, and Ufl1 for conjugation [11, 12] , and two specific proteases, namely UfSP1 and UfSP2, have been identified [13] . UfSP, a cysteine protease with a papain-like fold, has two functions: first, it activates Ufm1 by cleaving its C-terminus, thereby exposing the conserved glycine that is needed for substrate conjugation, and, second, it can cleave Ufm1 from an ufmylated substrate [8] . The Abbreviations cUfSP, UfSP from C. elegans; ER, endoplasmic reticulum; MPN, Mpr1p and PAD1p N-terminal; PDB, protein data bank; PTM, post-translational modifications; RMSD, root-mean-square deviation; Ubl, ubiquitin-like protein; Ufm1, ubiquitin-fold modifier 1; UfSP, Ufm1-specific protease.
Ufm1 system is conserved in all eukaryotes, with the exceptions of fungi, and appears to play important roles in endoplasmic reticulum (ER) homeostasis [14] , cell cycle regulation [15] , and differentiation [16] . It is implicated in diseases such as breast cancer and steatohepatitis; ufmylation of ASC1 (a nuclear receptor coactivator) promotes breast cancer [17] , and ufmylation components were significantly downregulated in the livers of patients with steatohepatitis [18] . Additionally, a mutation (Tyr290His) in the human UFSP2 gene causes Beukes familial hip dysplasia [19] , and autosomal recessive cerebellar ataxia is caused by mutations in UBA5 [20] .
Here, we report the crystal structure of Ufm1 complexed with a catalytically inactive mutant of UfSP from Caenorhabditis elegans at 3.3
A resolution. Caenorhabditis elegans has only one UfSP gene, and compared to UfSP2 of vertebrate it has an MPN domain at the N-terminus that modulates both substrate recognition and deufmylation activity [21] . The structure shows that in addition to the three terminal residues of cUfm1, Pro88-Arg89-Asp90 corresponding to P6-P4 positions from the cleavage site [22] , which are conserved and unique to Ufm1, makes extensive interactions with cUfSP. These interactions between the two proteins provide structural basis for how UfSP specifically recognizes Ufm1 and discriminates against other Ubls.
Materials and methods

Protein expression and purification
UfSP (Swiss-Prot entry Q94218, isoform-b) and Ufm1 (Swiss-Prot entry P34661), both from C. elegans, were subcloned into the Escherichia coli expression vector pET28a (Novagen) that appends an N-terminal 6xHis tag and thrombin site to the target protein under the control of a T7 promoter. The two proteins were expressed in BL21 (DE3) CodonPlus RIL (Stratagene, La Jolla, CA, USA) cells and purified separately. Since Ufm1 from C. elegans has an extra ten residues at the N-terminus compared to its orthologs (see Fig. S1 ), the N-terminal ten residues were truncated, so that the construct started with the sequence 'MGSSHHHHHH-SSGLVPRGS-GSKVTF..' with the thrombin cleavage sequences highlighted in bold, so after cleavage the fragment starts with the sequence GSGSKVTF. It should be noted that Ufm1 has only one glycine at its C-terminal end, unlike other Ubls that have a GG motif at the C-terminus, and the final construct used has 'GG' at the C-terminus, since it was more soluble than the constructs which ended with 'GH' or 'G'. This will be referred to as cUfm1 hereafter. cUfm1 was purified using nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography (GE Healthcare Life Sciences, Little Chalfont, UK), carboxymethyl cationic chromatography (GE Healthcare Life Sciences), and desalting chromatography with an identical buffer condition of 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 1 mM 1,4-dithiothreitol (DTT). His tag is removed by cleavage with thrombin after Ni-NTA affinity chromatography.
For cUfSP, we used the same pET28a vector as above which appends an N-terminal 6xHis tag with thrombin cleavage site. Both the wild-type and the catalytically inactive (Cys407 mutated to Ser) UfSP from C. elegans (cUfSP) were purified as described previously [21] . Briefly, the Histagged proteins were initially purified using Ni-NTA affinity chromatography (GE Healthcare Life Sciences). Then, the His tag is removed by cleavage with thrombin, so the fragment starts with the sequence GSVNELWFI. The protein was further purified by size exclusion chromatography on a HiLoad Superdex 200 16/60 column (GE Healthcare Life Sciences). The purified cUfSP was concentrated to 30 mgÁmL À1 in 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 1 mM DTT.
Complex formation and crystallization
In order to form the complex, the purified cUfm1 and a catalytically inactive form of cUfSP (Cys407 mutated to Ser) were mixed at a molar ratio of 2 : 1 and incubated for 1 h in an ice bath, and the product was further purified using gel filtration to remove excess cUfm1. Initial screening for the crystallization condition was carried out by using 96-well Intelli plates (Hampton Research, Aliso Viejo, CA, USA) and the Hydra II Plus One (MATRIX Technology, Hudson, NH, USA) robotics system at 295K. The conditions that yielded microcrystals were further optimized using the hanging drop method. The mixture of cUfm1 and cUfSP in 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 1 mM DTT yielded crystals after 7 days with a reservoir solution containing 0.1 M Bis-Tris propane (pH 7.0) and 1 M tri-ammonium citrate.
X-ray data collection, processing, structure determination, and refinement
The crystals of the complex belonged to the space group C222 1 with a = 267.45 A, b = 455.33 A, c = 195.56 A, and a = b = c = 90°with six molecules per asymmetric unit. The Matthews coefficient was 3.31 A 3 Da À1 and the estimated solvent content was 62%. Crystals were equilibrated in a cryoprotectant buffer containing reservoir buffer plus 20% (v/v) ethylene glycol prior to flash freezing in a cold nitrogen stream at 100K. Data sets were collected at the beamline 4A at Pohang Light Source (Pohang, Korea), and data were processed and scaled using the HKL2000 program suite [23] . The statistics are summarized in Table 1 . The structure was solved using the molecular replacement method with the MOLREP program from the CCP4 suite [24] using the previously reported cUfSP structure (PDB code: 5EJJ) [21] as a search model. The resulting map gave clear density for the bound Ufm1. The initial model was subjected to iterative cycles of model building and refinement using COOT [25] , CNS [26] and PHENIX [27] . Refinement was carried out with NCS constraints initially followed by NCS restraints with torsion NCS option. The electron density maps from 2Fo-Fc and Fo-Fc calculations were used for model building. The final model includes six crystallographically independent cUfSP and cUfm1 and 99 water molecules. In cUfSP, the ten residues at the N-terminus of all chains, the loops between the a1 helix and b2 strand (residues 34-41) of four chains (chains C, D, E, F), and the regions between b10 and b11 (residues 222-243) of all chains are disordered. In cUfm1, all residues were visible. The final model was validated using PROCHECK [28] . Statistics on data collections and refinements are summarized in Table 1 . Final coordinates and structure factors of cUfm1-cUfSP have been deposited in the Protein Data Bank under the code 5XDA. The solvent accessible area and interaction area were calculated by PISA (http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html). Sequence alignment was generated using ESPript [29] , and all figures were generated using PyMOL [30] . Accessible surface areas were calculated using PISA (http://www.ebi.ac.uk/msd-srv/ prot_int/pistart.html) [31] .
Site-directed mutagenesis and in vitro UfSP activity assay
The key residues in the active site of cUfSP were mutated including the catalytic Cys407 as well as His533, Tyr395, Asp444, Trp455, Arg474, and Asn564. All except Cys407 and Tyr395, which were mutated to Ser and His, respectively, were mutated to Ala. The mutants of cUfSP were produced as N-terminal 6xHis-tagged proteins and were used after affinity chromatography purified following the same procedure described above. All mutants behaved similar to the wild-type with no signs of instability or aggregation. An in vitro proteolytic assay was performed using GST-Ufm1-HA, i.e., Ufm1 with a hemagglutinin-tag at the C-terminus, as an artificial model substrate for the cUfm1 precursor as described previously [32] . Briefly, 1 lg of cUfSP enzyme was incubated with 6 lg of GST-Ufm1-HA at 37°C for 1 h with a total volume of 20 ll. The reaction was stopped by the addition of SDS sample buffer and analyzed using SDS/PAGE. The gels were then stained with Coomassie Brilliant Blue R-250.
Results and Discussion
Overall structure of the cUfm1 and cUfSP complex
The crystal structure of the cUfm1-cUfSP complex determined at 3.3
A resolution was refined to a final R-value of 24.1% (R free = 26.1%), and the statistics are summarized in Table 1 . In the cUfm1 construct, the first ten residues at the N-terminus are deleted, and the C-terminal His is mutated to Gly, while the catalytic Cys407 of cUfSP was mutated to Ser to generate an inactive enzyme. The overall structure of cUfSP consists of three domains (the MPN-, N-, and catalytic domains) and is similar to that of the free form (PDB code: 5EJJ) [21] . There are six molecules in the asymmetric unit, and all six have essentially the same overall structure. The root-mean-square deviations (RMSD) for the six molecules in the asymmetric unit of the crystal range 0.1 to 0.3 A for the 84 Ca atoms of cUfm1, while the corresponding values range between 0.4 and 2.0 A for the 494 to 524 Ca atoms for cUfSP (see Table S2 for details). The interface between cUfm1 and cUfSP in the six molecules of the crystal ranges in an area from 980 to 1025 A 2 , which correspond to 20-21% and 8-9% of the accessible 
, where I(h,i) is the intensity of the ith measurement of reflection h and <I(h)> is the mean value of I(h,i) for all i measurements. c R free is calculated from the randomly selected 10% set of reflections not included in the calculation of the R-value.
surface area of cUfm1 and the catalytic domain of cUfSP, respectively.
cUfm1 binding at the active site
The catalytic Cys407 of cUfSP was mutated to Ser, and the hydroxyl of Ser407 forms an intramolecular hydrogen bond with the side chains of Tyr395 and His533, which in turn forms a hydrogen bond with Asp531. His533 and Asp531 of cUfSP are in a highly conserved Asp-Pro-His stretch and along with Tyr395 were previously identified as part of the catalytic machinery [32] . cUfm1 binds to the catalytic domain exclusively and does not interact with either the MPN or the N-domain as seen in Fig. 1 . The b-grasp fold of cUfm1 binds at the active site of the catalytic domain on the opposite side of the interface between the catalytic and the N-domain of cUfSP as seen in Fig. 1 . The C-terminal tail of cUfm1 is tightly bound to the active site of the cUfSP catalytic domain with good electron density up to the last residue of the construct (see Fig. S2 ) forming both polar and hydrophobic interactions. In addition, the strand b4 (residues 64 to 66) of the cUfml runs almost parallel to the last strand of the central beta sheet of cUfSP (b15) as seen in Fig. 1 . There are two backbone-to-backbone hydrogen bonds between cUfm1 and cUfSP, i.e., from the carbonyl oxygen of cUfm1 Gly64 to the backbone amide of cUfSP Phe475 and from the backbone amide of cUfm1 Gly66 to the carbonyl oxygen of cUfSP Cys473.
The C-terminal end of cUfm1 adopts a b-structure running across the top of the central b-sheet of the catalytic domain. The C-terminal end is in a narrow groove between Gly457/Ser458 and the tight turn formed by Gly506 to Leu509 (regulatory loop, or Rloop for short) of cUfSP, and the groove is closed around the cleavage site by Trp455 acting as a 'lid' as seen in Fig. 2A,B . The backbone of the terminal Gly93 of cUfm1 is situated between the N-terminal end of an a-helix that harbors the catalytic
A. These residues are completely conserved in Ufm1, and Val92 is unique in Ufm1 orthologs (Fig. S1 ). In addition to the interactions of the three residues at the C-terminal tail of cUfm1, interactions formed by Pro88-Asp90 of cUfm1 which correspond to P6-P4 positions from the cleavage site [22] deserve special attention. The side chain of Asp90 forms a hydrogen bond with the backbone amide and the side chain of Ser458 while the side chain of cUfm1 Arg89, which lies at the interface between cUfm1 and cUfSP, makes both hydrogen bonds to Thr459 as well as a 2:2 salt bridge with Asp444 of cUfSP in all six molecules. The carbonyl of Pro88 forms a hydrogen bond with Asn564, and the side chain of Ile87 together with Ile60 of cUfm1 forms hydrophobic interactions with Ala477 and Phe475 of cUfSP. Details of the interactions are shown in Fig. 2B .
Earlier, Ufm1 was manually docked onto UfSP1 based on the NMR data [32] . The overall orientation of the model is basically the same as that found in the crystal structure of the complex, and the residues of Ufm1 with significant chemical shift perturbation, e.g., the C-terminal five residues as well as residues corresponding to Ile55-Ile57 of mouse Ufm1, indeed participate in the interactions with cUfSP in the complex structure. The catalytic domain of uncomplexed cUfSP (PDB code: 5EJJ) is in an open conformation ready to recruit the tail of cUfm1 into the catalytic cleft. The corresponding mouse complex of mUfSP1 and mUfm1, with sequence identities of 35% and 89%, respectively, showed an estimated affinity (K D ) of l.6 lM [32] , which is relatively weak and might correspond to a rather small interaction region, similar to the situation observed in the C. elegans complex. Based on the complex structure, the catalytic triad (Cys407, Asp531, and His533) and other key residues of cUfSP involved in interacting with cUfm1 were mutated, and their influence on catalytic activity was tested using GST-Ufm1-HA as a substrate (see Table S1 ). The results from the in vitro assay are shown in Fig. 2C and Table S1 . As expected, the Cys407Ser and His533Ala mutants are completely inactive. The Asp531Ala mutant was not included in the test since attempts to obtain soluble protein failed. Interestingly, the mutations of Asp444, and Asn564 of cUfSP to an Ala have strongly reduced activities, while the mutation of Arg474Ala was significantly less active than wild-type, but still with a higher activity than Tyr395His and Trp455Ala, confirming the expectations from the structural data. Arg474 was mutated since it is located on the b-strand that interacts with the Gly64-Gly66 stretch of cUfm1, to test for possible electrostatic interactions with the side chain of Asp63, although none of the six molecules in the crystal showed a direct interaction of those two side chains. Both the structural and in vitro assay results suggest that the interactions made by Pro88 and Arg89 of cUfm1, corresponding to the P6 and P5 from the cleavage site, with Asn564 and Asp444 of cUfSP, respectively, also contribute to the proper conformation of the C-terminal tail, which is necessary for catalysis.
Structural changes in cUfm1 and cUfSP upon binding
The structural changes upon binding can be assessed by comparing the complex structure here and the free structures of both cUfm1 (PDB code: 1L7Y) and cUfSP (PDB code: 5EJJ). First, the overall structure of cUfm1 in the complex is very similar that of free cUfm1 in solution. There are three solution structures of Ufm1 in the protein data base, from human, mouse, and C. elegans, with PDB codes 1WXS [33] , 1J0G and 1L7Y, respectively. The RMSD between cUfm1 in the complex and free in solution (PDB code: 1L7Y) is 1.1 A for 77 Ca atoms (excluding the C-terminal tail), and this is significantly larger than the RMSD between the six cUfm1 molecules of the complex structure in the crystal, which range from 0.1 to 0.3 A. The major difference between the free and bound cUfm1 is at the Cterminal tail. This is expected since the tail is bound at the active site in the complex structure for processing prior to activation. Another region that shows a difference is the loop connecting the b1 and b2 (residues 21 to 26) of cUfm1. This loop is found in the same conformation in all six molecules in the crystal. Two of the solution structures (PDB code: 1J0G and 1L7Y) adopt similar conformation as in the complex structure, while one (PDB code: 1WXS) adopts a significantly different conformation such that some of the atoms at the top of the loop are about 6.0 A away from corresponding atoms in the complex structure. In the complex structure, some of the atoms in this region of cUfm1 are in close contact with cUfSP, e.g., Thr21 of cUfm1 is within 4.0
A from the side chain of cUfSP Asn479. Therefore, the structural difference in this region is probably due to the flexibility of the loop in the solution.
Second, when cUfSP in the complex is compared to that of the free structure (PDB code: 5EJJ) [21] , the overall structure, including the relative orientations of the three domains to each other, is quite similar. There are some differences, but they are mostly on the surface, and the differences seem to propagate as the distance from the catalytic domain increases, consistent with a minor rigid body movement of the domains. It should be noted that upon complex formation with cUfm1, residues 439-450 of the catalytic domain became ordered to form two small helical segments, namely a12 and a13, in the complex structure (Fig. 3) . This region is important in binding since Asp444, which interacts with Arg89 of cUfm1, is located in the loop connecting a12 and a13. In our complex structure, the a12 and a13 helices and the connecting loop are in a similar conformation to the uncomplexed structures of mouse UfSP1 and UfSP2 (PDB code: 2Z84 [32] and 3OQC [34] , respectively) (see Fig. S3 ). While mUfSP1 (PDB code: 2Z84) has a neighboring molecule nearby, there is no crystal contact in mUfSP2 (PDB code: 3OQC). In both the uncomplexed structure of cUfSP (PDB code: 5EJJ) and in the complexed structure, there are no neighboring molecules within 9 A of a12 and a13, thus it is very likely that the flexible region gets ordered upon cUfm1 binding. Most of the residues in the active site of the complexed cUfSP adopt a similar conformation to what was found in the free cUfSP (PDB code: 5EJJ), as well as in mUfSP2 and mUfSP1. However, as seen in Fig. 3 , the R-loop of cUfSP gets twisted upon cUfm1 binding allowing proper positioning of Val92 of cUfm1, e.g., Ca of Asn507 is shifted by~2.0 A while S of Met509 is shifted by~5. 5 A toward cUfm1 providing more favorable interactions. The conformational change of the R-loop observed in all six structures is of the same magnitude. It is worth noting that Val at the P2 position from the cleavage site is highly conserved among Ufm1 orthologs and is unique to Ufm1 as seen from the sequence alignment in Fig. 4A (see Fig. S1 ). For the catalytic domain only, the RMSD between the structure from this study and free cUfSP (PDB code: 5EJJ) is 0.8 A for 174 Ca atoms, and this is larger than the RMSDs between the six cUfSP molecules in the complex structure, which range from 0.2 to 0.6 A.
Comparison with other Ubl:Ubl-protease complex structures
The overall structure of cUfSP is almost the same as that of mUfSP2 (PDB code: 3OQC) and mUfSP1 (PDB code: 2Z84) with apparent sequence identities of 54% and 35%, respectively as noted earlier [21] . Besides mUfSP1 and mUfSP2, the most closely related are Atg4B (PDB code: 2Z0D) and M48 USP (PDB code: 2J7Q) according to a DALI search [32] . M48 USP and ATG4B also have Cys and the consecutive sequence Asp-Pro-His as the catalytic signature instead of the canonical triads, where the Asp and His are located on the ends of two adjacent beta strands. Since the complex structures with corresponding Ubl, i.e., Ub: M48 USP (PDB code: 2J7Q) [35] and LC3:ATG4B (PDB code: 2Z0D) [36] , have been reported, we have Fig. 3 . Structural changes in the catalytic domain upon cUfm1 binding. Superposition of the cUfm1 bound and the free (PDB code: 5EJJ) cUfSP structures. In the cUfm1 bound structure, the helices a12 and a13 are ordered, with Asp444 of cUfSP interacting with Arg89 of cUfm1, in addition to the changes in the R-loop. The side chain of Trp455 closes down over the C-terminus of cUfm1. The color scheme is the same as in Fig. 1 except the aforementioned changes are highlighted in salmon, while the free cUfSP is shown in light gray. First, cUfm1 displays striking similarities in its tertiary structure to NEDD8, ubiquitin, and SUMO, despite the fact that it shares sequence identities of only 22%, 17%, and 14%, respectively (Fig. 4A) . Each Ubl is highly conserved, and six terminal residues corresponding to P6-P1 from the cleavage site differ from one another. In all cases, the C-terminal end of the Ubl adopts an extended b-conformation and is tightly bound to the active site in the complex structures as seen in Fig. 4B . In the figure, the residues within 4.0 A of each other at the interface are highlighted: green for Ubl and salmon for the protease. In the case of NEDD8, the C-terminal tail has extensive interactions with the loop formed by residues 92-101 of NEDP1, which form b-sheet-like interactions. Furthermore, deletion of this loop reduced processing activity [37] . This loop is equivalent to the R-loop in cUfSP, but is significantly longer. In cUfSP, it is near the active site and together with Trp455 it plays a role in stabilizing and recognizing the C-terminal tail of cUfml. Hydrogen bonds are formed with the backbone of the last six residues of the Ubl. However, the number of hydrogen bonds varies among the six structure, e.g., only two for cUfm1, while six and seven exist in LC3 and SUMO1, respectively (see Fig. S4 ). Nonetheless, the change in the accessible surface area upon binding to the protease for the six C-terminal residues of the Ubl is the largest (about 590 A 2 ) for cUfm1 since Arg91 has extensive interactions with the 'lidresidue' Trp455. The interactions between the two proteins at the C-terminal of Ubls appear to be rather specific. For example, placing Gln at position Asp90 of cUfm1 results in a steric clash with Gly505, Asn564, and Ser458 of cUfSP while a replacement of Arg89 of cUfm1 with Ala or Glu would remove the charge interaction with Asp444. A glycine at the position of Val92 of cUfm1, which is found in all other Ubls (Fig. 4A) , would not fill the pocket resulting in unfavorable binding. Interestingly, Ala72 of NEDD8 and Arg72 of Ub at P5 position were also reported to be critical for catalysis by their proteases [37] .
Apart from contacts with the C-terminal tail, other regions of Ubls are involved in the recognition by the partner protease [7] , as shown in Fig. 4B . They are colored in green and salmon, respectively. The interactions that deserve separate mention are highlighted in yellow. All residues in regions A and B except two are conserved in Ufml, the exceptions being Lys in region A and Val in region B which are replaced by Arg and Ile, respectively, in some species. For cUfm1, the two loops connecting Thr21 to Lys26, and Thr61 to Gly64 are within 4.0
A from Asn479 and Arg474 to Phe475 of cUfSP, e.g., Ser22, Asp63, and Gly64 forming hydrogen bonds with Asn479, Arg474 and Phe475, respectively. The corresponding regions in other Ubls are shorter, e.g., the region A of Ub is shorter by five residues than that of Ufm1 (Fig. 4A) . Although the region B of SUMO1 and region A of NEDD8 make interactions with SENP1 and NEDP1, respectively, in the complex structures (PDB code: 2IY1 [38]; PDB code: 2BKR [37] ), there are fewer interactions than in the cUfm1 and cUfSP complex. This suggests that those loops are one of the factors that cUfSP uses to distinguish cUfm1 from other Ub/Ubls. In addition, there are hydrophobic patches including Ile60 and Ile87 of cUfm1 and Phe475 of cUfSP. These hydrophobic patch residues are strictly conserved in Ufm1 (see Fig. S1 ), so not only the hydrogen bonding but also hydrophobic interactions seem to contribute to the stabilization and recognition mechanism of cUfm1. In the case of Ub:M48 USP , an exposed b-hairpin loop, formed by b5-b6 (residues 108 to 115) of M48 USP and extending the central eight-stranded b-sheet, interacts with the core of Ub. This interaction results in a significant rotation of Ub relative to cUfm1 as seen in the Fig. 4B . ATG4B, on the other hand, has an extra region unique to the ATG family called a 'short finger domain', which packs next to the central b-sheet, and this region interacts with LC3, pushing LC3 away from the central b-sheet. In the case of NEDP1, extra residues at the N-terminus (1-26) and two additional stretches of residues (65-84 and 92-101) are at the interface leading to a unique binding region for NEDD8 [37] .
When one examines the nature of the electrostatic surfaces of Ubls, there seems to be a built-in specificity for each other (see Fig. S5 ). For example, cUfSP displays a basic core patch in the vicinity of the active cleft with surrounding acidic patches. On the other hand, NEDP1 displays a unique acidic patch with a small positive patch nearby, and this matches up with the surface of NEDD8. In contrast, SENP1 exhibits a large positive patch with only a small acidic patch. The relatively small interfaces between a Ubl and the protease, estimated by the changes in the accessible surface areas upon complex formation, also reflect the transient nature of the interaction between the two proteins, and they are 1025, 1175, 1385, and 1500 A 
Conclusion
Although all types of Ubls share the structural similarity of having the b-grasp fold, their attachment to a protein leads to different biological functions. It is, therefore, critical that these Ubl-proteases can discriminate between different Ubls, requiring remarkable precision in molecular recognition. The structural and biochemical studies here have identified key residues involved in the molecular recognition of cUfm1 by cUfSP. In the complex structure, the C-terminus of cUfm1 is locked into an extended b-structure at the active site of cUfSP, similar to what was found for other Ubls, e.g., NEDD8, SUMO, or Atg8/LC3. In addition to the three residues at the C-terminus that form the b-structure necessary for optimal processing by cUfSP, Pro88, Arg89, and Asp90 of cUfm1 (corresponding to the P6 and P4 positions from the cleavage site) interacting with Phe562, Asn564, Asp444, and Ser458 of cUfSP seem to contribute significantly to specificity of substrate recognition. In particular, the interaction between Arg89 of cUfm1 and Asp444 of cUfSP was shown to be important for binding and thus for efficient catalysis. Since this region is highly conserved and unique to cUfm1, and the residues of other Ubls either sterically clash or not maximize interactions with cUfSP, it is very likely that the ProArg-Asp motif of Ufm1 is important to recognition by UfSP. Apart from the C-terminal tail of cUfm1, the two regions unique to cUfm1, i.e., the connecting loop between b1-b2, and b3-b4 (residues 21-26 and 61-64 in cUfm1), also seem to contribute to the recognition by cUfSP. 
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